Nearly one-third of the reducing sugars obtained from hydrolyzed lignocellulosic materials are pentoses, composed primarily of D-xylose. The remaining two-thirds are hexoses, consisting primarily of D-glucose (14) . Although many yeasts are able to convert hexoses to ethanol, most are unable to produce ethanol from xylose. Yeasts that have the ability to convert xylose to ethanol have been reported (7-9, 12-14, 16) , and one of the earliest identified with this unique capability was Pachysolen tannophilus.
Although xylose metabolism in P. tannophilus is not well understood, Smiley and Bolen (15) have shown that, when cells are grown aerobically, the conversion of xylose to xylitol is accomplished primarily by an NADPH-dependent xylose reductase. Bolen et al. (la) later reported that purified xylose reductase from P. tannophilus could also use NADH as cofactor. Furthermore, an NAD-linked xylitol dehydrogenase (EC 1.1.1.9, xylulose reductase) was shown to be responsible for the conversion of xylitol to D-xylulose (15) . Bolen and Detro (1) found that both enzymes are detectable in cell-free extracts of P. tannophilus grown in medium containing D-xylose, L-arabinose, or D-galactose as carbon source. L-Arabinose and D-galactose were found to be substrates for NADPHINADH-dependent reductase reactions, and the end products of these conversions were determined to be L-arabitol and galactitol, respectively. Indeed, purified xylose reductase from P. tannophilus can utilize other carbon compounds (e.g., arabinose and galactose) as substrates (la, 4) . Thus, the enzyme has been characterized as an aldose reductase (EC 1.1.1.21). Because significant activities of aldose reductase or xylitol dehydrogenase are not detected in cell-free extracts of P. tannophilus prepared from D-glucose-grown cells, these enzymes are considered inducible (1, 15 Chemicals. Oxidized and reduced forms of P-NADINADH and P-NADPINADPH used in the enzyme assays were obtained from Sigma Chemical Co. (St. Louis, Mo.). Affinity matrices used in this study were purchased from Sigma Co. and consisted of P-NAD linked through the ribose moiety by a six-carbon spacer to agarose (designated NAD-R) or ,B-NAD linked through C-8 by a six-carbon spacer to agarose (designated NAD-C8). Sodium dodecyl sulfate (SDS)-polyacrylamide gradient gels (gradient range, 10 to 20%) were purchased from Integrated Separation Systems (Newton, Mass.). G-200 Sephadex column medium used in gel permeation chromatography was purchased from Pharmacia Fine Chemicals, Inc. (Piscataway, N.J.).
Preparation of cell-free extracts. Approximately 10 g of thawed cell paste was used for a typical purification. A solution of 0.1 M potassium phosphate (pH 7.2) and 0.033 M 2-mercaptoethanol was added to thawed cells at a ratio of 1 ml/g (wet weight) of cell paste. Cells were broken with a French press operating at 10,000 lb/in2. Following three passages through the French pressure cell (4°C), debris was removed by centrifuging for 20 min at 12,000 x g. The supernatant was then dialyzed overnight in Spectrapor membrane dialysis tubing no. 2 (12,000-to 14,000-molecularweight cutoff) against 4 liters of a 10 mM potassium phosphate (pH 7.4)-i mM 2-mercaptoethanol buffer at 4°C.
Purification of the enzymes. Aldose reductase and xylitol dehydrogenase were purified by affinity chromatography, using NAD-C8 and NAD-R columns (Fig. 1) . Econocolumns, approximately 1 cm in diameter by 7 cm in height, were purchased from Bio-Rad Laboratories (Richmond, Calif.). Approximately 5 ml of swollen NAD-C8 or NAD-R affinity gel matrix was placed in each column. The NAD-R matrix contained 2.37 ,umol of bound NAD per ml of swollen gel. The NAD-C8 matrix contained 1.8 ,umol of bound NAD.
The flow rate was approximately 1.7 ml/min. Purification of aldose reductase is represented by the schematics in boxed sections A and B, while purification of xylitol dehydrogenase is represented in boxed sections A and C. Each column run was completed in <1 h at room temperature. Crude cell extracts and partially purified fractions were stored at 4°C. Before each chromatography run, affinity column matrices were washed with 20 ml of 3.4 mM NAD and equilibrated with at least 60 ml of dialysis buffer. Dialyzed cell-free extracts were taken through the purification scheme in 20-to 22-mi batches.
In the aldose reductase purification (Fig. 1A and B) , dialyzed cell-free extract was first loaded onto a NAD-C8 column and the void volume was collected. Generally, 30 ml of dialysis buffer was passed through the NAD-C8 column prior to elution of bound protein with 20 ml of 3.4 mM NAD. The void volume that passed through the NAD-C8 column was loaded directly onto a NAD-R column. Following void volume elution, the NAD-R column was washed with approximately 30 ml of dialysis buffer, and bound aldose reductase was eluted with 20 ml of 3.4 mM NAD. Fractions containing NAD-eluted aldose reductase were pooled and dialyzed overnight as described above. Purified xylitol dehydrogenase was obtained simultaneously by eluting the NAD-C8 column with approximately 20 ml of 3.4 mM NAD ( Fig. 1A and C Electrophoresis. SDS-polyacrylamide gel electrophoresis (PAGE) was done according to the method described by Laemmli (11), using 10 to 20% gradient gels. Phosphoric acid was used to adjust the stacking gel pH to 6.8. Gels were stained with Coomassie brilliant blue R-250.
Gel permeation chromatography. A G-200 Sephadex column was equilibrated overnight with 0.1 M potassium phosphate, pH 7.2. Cell extract, 2 ml, was filtered through a 0.22-,um Millex-GS filter unit (Millipore Corp., Bedford, Mass.) prior to chromatography. Fractions (1.5 ml) were collected and assayed for aldose reductase and xylitol dehydrogenase activities.
RESULTS AND DISCUSSION Purification of both aldose reductase and xylitol dehydrogenase was accomplished in a sequential manner by using two simple affinity chromatography steps. The entire procedure was easily completed within a 2-day period. A schematic of the procedure is shown in Fig. 1 and quantification is given in Table 1 . The NAD-C8 column used in the first chromatography step had a high binding capacity for xylitol dehydrogenase. Thus, when 22 ml of dialyzed cell-free extract was chromatographed through a 5-ml column, only minor xylitol dehydrogenase activity was detected in the void volume (Table 1 ). The NAD-R column used in the second step was highly specific for aldose reductase, but had a very low binding capacity. As a result, when 30 ml of the void solution from the NAD-C8 column was chromato-VOID VOLUME graphed through a 5-ml NAD-R column, some of the aldose reductase activity eluted in the NAD-R void volume ( Table  1) . The NAD-R column was also found to bind xylitol dehydrogenase to a small extent (data not shown). Therefore, to minimize overloading and eliminate concurrent binding of xylitol dehydrogenase, the NAD-R column was used in the second step of the purification. High xylitol dehydrogenase activity was found in NADeluted fractions from the NAD-C8 column (Table 1 , A and C). Slight NADH-linked, but no NADPH-linked, aldose reductase activity was detected in this sample. NAD-linked xylitol dehydrogenase specific activity was increased approximately 6.5-fold. SDS-PAGE of fractions containing high xylitol dehydrogenase activity yielded two protein bands with molecular masses of approximately 40,400 and 41,800 daltons (Fig. 2, lane 4) . These bands may represent subunit proteins of xylitol dehydrogenase. Results of gel permeation chromatography indicate xylitol dehydrogenase to have a molecular mass of approximately 172,000 daltons (Fig. 3) . This finding suggests that xylitol dehydrogenase resembles other "long"-chain dehydrogenases (10) and probably consists of four subunits, each with an approximate molecular mass of 40,000 daltons. Although Ditzelmuller et al. (5) reported purification of P. tannophilus xylitol dehydrogenase to >50%, this preparation was used for enzymatic studies only and information regarding the physical properties of the partially purified enzyme was not presented.
The results of gel permeation chromatography indicate aldose reductase to have an approximate molecular mass of 59,000 daltons. Bolen et al. (la) reported that size-exclusion high-performance liquid chromatography (SE-HPLC) of purified native aldose reductase yielded a protein peak with an average molecular mass of 49,000 daltons (standard deviation, 1,010; three trials). The molecular weight determination of Bolen et al. (la) is more accurate than our determination since the standard deviation of their runs is very small. Both gel permeation chromatography and SE-HPLC resolve proteins on the basis of their conformation and size. In this study and in that of Bolen et al. (la) , aldose reductase exhibited a higher molecular mass than was expected from SDS-PAGE determinations. Bolen et al. (la) found NADHand NADPH-linked aldose reductase activities to resolve as a single SE-HPLC peak (approximate molecular mass, 36,000 daltons) when treated with P-mercaptoethanol and SDS. Similar results were obtained by SDS-PAGE analysis (la) . The purified aldose reductase preparations reported herein yield a single protein band of approximate molecular mass 36,500 daltons following SDS-PAGE (Fig. 2, lane 3) . Although the molecular mass determinations of purified aldose reductase by gel permeation and SE-HPLC are higher than expected, it seems unlikely that aldose reductase is a multimeric enzyme because the native molecular mass determinations were not close to double the molecular mass determined by SDS-PAGE. In addition, separate subunits were not observed upon SDS-PAGE. It is possible that the higher molecular mass estimated by both gel permeation chromatography and SE-HPLC is the result of a unique conformation of the enzyme.
NADPH-linked aldose reductase specific activity increased approximately 26-fold in this purification, while NADH-linked aldose reductase specific activity increased some 52-fold (Table 1 , A and B). Xylitol dehydrogenase activity was not detected in the purified aldose reductase preparation. Dialysis of purified aldose reductase resulted in a slightly lower yield with no increase in purification ( (14, 200) . Arrow a, Fraction where peak xylitol dehydrogenase activity was found; arrow b, fraction where peak aldose reductase activity was found.
anaerobic environment. These enzymes were found to have both NADPH-and NADH-linked activities. Although this seems to support the hypothesis presented by Verduyn et al. (17) , there are still many discrepancies to be resolved. With the rapid purification method presented here, if larger columns were used, milligram quantities of both proteins could easily be purified. This would allow further biochemical studies on the important activities of these two enzymes so that many of the discrepancies could eventually be resolved. In addition, preliminary studies indicate that these columns may also be used to purify xylose reductases from other xylose-fermenting yeasts. enzyme (la) . Verduyn et al. (17) propose that variation in the ratio of NADH-to NADPH-linked activity is due to the presence of two different xylose reductases. They found one enzyme to be specific for NADPH while the other exhibited both NADH-and NADPH-linked activities. These enzymes were isolated from cells incubated under highly aerobic and anaerobic conditions, respectively. In this study and that of Bolen et al. (la) , aldose reductase was isolated from cells that, following initial growth, had been incubated in an
